Triticale (Triticosecale Wittmack) is obtained through the crossing of wheat (Triticum ssp.) and rye (Secale cereale L.) and is characterized by high yield potential, good health and grain value, and high tolerance to biotic and abiotic stress. Poland is a very important region for progress in triticale breeding, since it is home to most cultivars, and numerous genetic studies on triticale have been carried out. Despite the tremendous interest in triticale among both breeders and researchers, there are no studies assessing the adaptation of cultivars to environmental conditions across growing seasons. This study was conducted to investigate the influence of cultivar, management, location and growing season on grain yield. At the same time, this approach provides a new way to determine whether there is any dependency between the eight seasons, and to find the cause of the yield response to environmental conditions in a given growing season.
Introduction
Triticale (Triticosecale Wittmack) is a hybrid crop that is obtained through the crossing of wheat (Triticum ssp.) and rye (Secale cereale L.). Its purpose is to produce cereals combining the beneficial qualities of the two crossed species.
Triticale is characterized by high yield potential, as well as good health and grain value. Furthermore, it offers high tolerance to biotic and abiotic stress (Ammar et al. 2004 ). Triticale has a broad range of applications. Its grain is mainly used for animal feed and human consumption, as well as for bread and other food products (Peña 2004) . Moreover, triticale is a potential energy crop 240 A. Derejko, M. Studnicki and source of biomass for bioethanol production (Wang et al. 1997) . Triticale grows on poorer soils than wheat and slightly better soils than rye. In addition, the quality of the grain and its use is much better than that of rye. In certain types of marginal soils, triticale cultivars outperform the best wheat cultivars (FAO 2004) . Thanks to such advantages, triticale is becoming increasingly competitive with other cereal species.
Poland is a very important region for progress in triticale breeding, since it is home to most cultivars, and numerous genetic studies on triticale have been carried out. The participation of Polish scientists in the cultivation of this grain is highly significant. The triticale cultivar Lasko was obtained by a team led by Tadeusz Wolski in 1968 (Ammar et al. 2004 ) and became the widest grown triticale in the world. In cold, wet environments, the highly productive winter triticale cultivars that were developed primarily in Poland are continuously expanding into most cereal-based crop management systems in Northern Europe (FAO 2015) . In 1989, triticale occupied approximately 3.82 million hectares worldwide, while in Poland it accounted for approximately 1.4 million hectares, almost half of the world crop (FAO 2004) . From 1987, Poland was the largest triticale producer, with a current production of 4.3 million tons of grain per year. CIMMYT centres in Mexico and Poland have the two most successful triticale breeding programmes in the world, initiated in 1964 and 1968 respectively. Several people have contributed to the success of triticale, and their work is summarized in several historic reviews (e.g., Varughese et al. 1996; Villareal et al. 1990 ). However, this species is gaining value throughout the world. Numerous studies on triticale and improvement of its yield and use have been conducted in the UK, Germany, Brazil, Australia, France, Portugal, Hungary and Turkey (FAO 2004; Losert et al. 2017) . There are many good triticale cultivars on the market, but every year, new cultivars are introduced that are unquestionably superior in terms of use to the older cultivars. Our work examines new cultivars that have been bred in Poland. In Poland, the breeding process itself lasts eight years, followed by two years of research in the Effect of cultivar, crop management, location and growing season on triticale 241 COBORU (Research Centre for Cultivar Testing) Post-Registration Variety Testing System (PVTS).
The new cultivars give farmers the opportunity to choose cultivars with the most favourable characteristics for the particular soil and climatic conditions of the farm. Despite the great interest in triticale both in Poland and around the world, there is a lack of research on the adaptation of cultivars and their contribution to crop yield (Losert et al. 2017) . Current research on the adaptability and stability of cereals is poor, and there is no such work done in the field. The purpose of this study is to investigate the influence of cultivar, management, location and growing seasons on grain yield. In addition, we know from many studies that there is a large difference between years, and we wish to determine whether year is a factor that contributes to the highest grain yield. In addition, we planned to study the stability of triticale cultivars in different environments in eight growing seasons, determine whether there is any dependency between the eight seasons, and find the cause of the yield response to environmental conditions in a given growing season. We wish to establish whether it will be possible to group years that are similar in terms of the impact of individual effects on seed yield, and what causes this similarity.
Material and methods

Trial dataset
The triticale grain yield dataset used in this study represents a subset of results from the PVTS across the growing seasons from 2007/2008 to 2014/2015. This dataset contains eleven modern triticale cultivars evaluated across 58 locations (Table 1 ). All tested cultivars came from Polish breeding programmes. The field experiments were carried out using two levels of crop management intensity: moderate-input management (MIM) and conventional, high-input management (HIM). MIM did not include plant protection treatments, and standard fertilization was applied according to the soil needs of a given location.
HIM was a high-input treatment designed to maximize yield. HIM included 242 A. Derejko, M. Studnicki Table 2 gives characteristics of the eleven cultivars studied. The eight years studied (2007/2008-2014/2015) were diverse in terms of climatic conditions. The highest rainfall in Poland comes in the summer months 
Statistical analysis
The analysis of the study dataset for triticale yield was performed using two Second, we tested the significance of the cultivar, crop management and location in each tested growing season separately. An analysis was then performed based on LMM as follows:
where Xjkl is the yield for the 3-factorial combination of the j-th location, the kth cultivar and the l-th crop management intensity; GMLklj is a random residual comprising both the interaction effect of the k-th cultivar, the l-th crop management intensity and the j-th location and the error term associated with mean Xjkl; other abbreviations are the same as in the first model (1).
The significance and impact of the main effects and interaction effects in this study are based on the variance components. The variance components for random effects were estimated using the restricted maximum likelihood (REML) method implemented in the ASReml-R package. The likelihood ratio test was used to evaluate the significance of calculated variance components.
Results
The variance components presented in Table 3 are based on model (1) The influence of the main effects and interaction effects on triticale yield variation, in this study, is different in different growing seasons ( seasons and for two crop management levels is shown in Figure 1 . interaction. In five of the eight analysed years, its contribution was 0%. In the year of its highest contribution, 2013/2014, it was just over 1%.
Discussion
Many researchers and breeders are interested in whether individual effects (main effects and interactions) have a significant impact on the value of an attribute such as grain yield. In this study we have indicated the participation of all four main factors and the interactions between them in determining the triticale crop. Of the four main effects, cultivar explained the smallest amount of variation in grain yield. This was similar in the analysis performed separately across years. There, three factors and their interactions were analysed. In the analysis carried out separately for eight growing seasons, it can be seen that although the contribution of cultivar is small in comparison with the other main factors, it is very stable. This means that regardless of the climatic and soil conditions in a given growing season, the amount of grain yield variation explained by cultivar is similar. Similar results have been obtained for other 250 A. Derejko, M. Studnicki plant species, for example, in the studies of Temesgeri et al. (2015) with faba beans (Vicia faba L.) and Mohammadi et al. (2015) with durum wheat. The contribution of cultivar in these studies ranged from 2.5% to 5.3%. Yield is influenced only slightly by cultivar, but to a large extent by the location effect.
In the same studies, over 80% of all other factors were the predominant environmental effects. The aim of a number of multi-environmental experiments is to evaluate cultivars for conditions in environments at different levels of an additional factor. Such an additional factor may be management, abiotic stresses (e.g., stress related to drought) or biotic stresses (e.g., pests and diseases). In our work, the added factor was management intensity level. We have shown that the influence of the cultivar is smaller, that the environmental effects gain in importance, and that if the location effect is smaller, the management effect is more important for triticale grain yield. This is related to the climatic and soil conditions prevailing in a given year. Therefore, the adequate choice of management intensity level and monitoring of the impact of this factor on grain yield for several growing seasons is very important for progress in breeding. Many researchers also argue (Hammer et al. 2014 with quality characteristics being lower than in the environments with favourable soil conditions. Therefore, determining the yield response to an additional factor in different weather conditions prevailing in different years is very important. Piepho et al. (2014) claim that the selection of appropriate Effect of cultivar, crop management, location and growing season on triticale 251 management is often the cause of growth in long-term crop yields. However, in the studies of Losert et al. (2017) , the authors conclude that the trend of yield behaviour can be identified by observing the crop for several growing seasons.
In addition, studies conducted separately over the years allow for the investigation of a heterogeneous adaptive response of cultivars to conditions in individual growing seasons, and produces a heterogeneous ranking of cultivars and the impact of an additional factor. In addition, thanks to such long-term research, it can be concluded that the grain yield and adaptive abilities of plants are very strongly dependent on the locality, but to a lesser extent on the conditions prevailing in the given growing seasons. Additionally, Piepho et al. (2014) recently demonstrated that the latter are thereby more suitable for obtaining estimates of the true genetic trend component, while this tends to be overestimated in long-term trial data analysis. Weather is a random factor that is independent and difficult to predict, which is why conclusions from longterm research can be used only as a guide, indicating a certain trend. For example, it cannot be unequivocally stated that the influence of the environment always has a dominant influence on yields. Liu et al. (2013) studied the variance components in cotton performance in two different periods, 1980-1994 and 1995-2009 , and found interesting results across different years. In the first analysed period, cultivar accounted for 14.6% of the variation, and in the second it accounted for 42.4%. A surprisingly high proportion of the variation may be explained by the species. In the case of cereals, this makes a much lower contribution to the yield. Based on the research, it can be concluded that the very large effect on the yield exerted by the individual studied factors in the long term allows us to illustrate trends in the effects of variance.
